Background. Efficacy studies have shown that salt double-fortified with iodine and iron can significantly reduce the incidence rates of iron-deficiency anemia and iodine-deficiency disorders. Double-fortified salt can be prepared by mixing microencapsulated iron compounds into conventionally iodated salt. Effective implementation of a double fortification program requires field-based analytical methods to ensure iron levels in doublefortified salt.
Introduction
Deficiencies of iron and iodine are associated with a number of serious human diseases and affect at least one-third of the population of the developing world in the form of iron-deficiency anemia and iodine-deficiency disorders [1] . One practical way to simultaneously combat iron-deficiency anemia and iodine-deficiency disorders is to provide iron and iodine through salt fortification. Iodized salt has been proven to be the best means of providing iodine to iodine-deficient populations [2] . Double-fortified salt with added iron and iodine has been investigated since the 1970s [3] [4] [5] [6] . Funded by the Micronutrient Initiative, Canada, the Food Engineering research group at the University of Toronto has made a breakthrough by stabilizing iodine and iron through microencapsulation [3] . The selected iron compound, ferrous fumarate, is first granulated to match the particle size of salt and then encapsulated with an edible fat. This iron premix is blended into iodized salt to make double-fortified salt [7] . This microencapsulation process prevents iron from coming into contact with reactive compounds in the environment. Efficacy tests of double-fortified salt treatment after less than 1 year of implementation showed significant decreases in the prevalence rates of iron-deficiency anemia and iodine-deficiency disorders in children [6, 8] . As a result, commercial production of double-fortified salt has been planned in several developing countries.
Introduction of iron fortification requires appropriate quality assurance and quality control to ensure appropriate levels of iron in the double-fortified salt at each stage of production, distribution, retail sale, and consumption. Analytical techniques of varying complexity and accuracy may be adapted for different phases of the manufacturing and distribution systems. The technological conditions in most developing countries require simple and cost-effective field tests for determination of micronutrients. These requirements need to be addressed at three levels: standard quantitative analyses are necessary at the regulatory level; semiquantitative testing is needed for the manufacturer; and qualitative field tests (which produce "yes" or "no" test results) are adequate for monitoring effective delivery of iron to the consumer.
In addition to these analytical requirements, there are three other constraints to consider when developing field test kits for double-fortified salt. First, these test kits must be suitable for use by technical staff with minimal technical training, as a part of their routine duties in the manufacturing and distribution process. As such, the tests must be easy to use and the reagents must be relatively safe to handle. Second, the chemistry employed must allow rapid analysis. Standard comparison charts must be supplied for easy assessment of results. Finally, the field tests must include a simple method to remove the coating and expose the iron for analysis, because the iron compound is microencapsulated and essentially inert within the double-fortified salt.
Since there are a number of commercially available field test kits for iodine in salt [9] , they could be simply adapted as quality control test kits for doublefortified salt at different levels in determining iodine content. However, adaptation of currently available iron-determination test kits for double-fortified salt is more complicated. Most commercially available kits are used in water testing and can determine total soluble iron down to 0.1 ppm. Unfortunately, they require a high capital investment (portable spectrophotometer) and expensive supplies, which make them inaccessible to developing countries. The National Institute of Nutrition in India has developed a qualitative spot-test kit for salt that has been fortified by spraying the iron compound on the salt surface [10] , but no commercial version has been made available. The kit takes advan-tage of the reaction between ferric iron and potassium ferrocyanide to produce a blue complex.
Other iron colorimetric analyses can also be adopted, including potassium ferricyanide, dimethylglyoxime, and isonitrosobenzoylmethane for ferrous iron; thiocyanate, salicylic acid, ferron, salicylaldoxime, 8-hydroxyquinoline, and potassium ferrocyanide for ferric iron; and α,α'-bipyridyl, thioglycolic acid, and 1,10-phenanthroline for both ferrous and ferric iron.
Phenanthroline method
Among the many colorimetric methods for iron determination, the phenanthroline method is the most commonly used technique, because of its simplicity and the stability of the colored iron complex formed. This method quantitatively determines ferrous iron content by reaction of ferrous iron with 1,10-phenanthroline to form the metallic complex, ferrous-phenanthroline (C 12 H 8 N 2 ) 3 Fe 2+ , in an aqueous acid environment:
This orange chromophore has maximum absorbance at 512 nm and develops rapidly between pH 2.9 and 3.5. It remains stable for 6 months.
The intensity of the chromophore is dependent on ferrous iron concentration, and thus ferrous content may be quantified by spectrophotometry. Total iron analysis requires a reduction step, from Fe(III) to Fe(II), as follows, followed by the determination of all the iron in its ferrous form:
Challenge of the inertness of the lipid coating on the microencapsulated iron premix
The salt double-fortification technique developed by the University of Toronto and the Micronutrient Initiative uses microencapsulation of iron for prevention of its interaction with iodine [7] . However, this creates an additional technical challenge to iron field tests. In the production of our iron premixes, the iron compound is agglomerated and then encapsulated. The outer coating layer consists of soy stearine, a solid, fully hydrogenated soybean oil that is insoluble in water at room temperature and melts between 64° and 68°C. This tristearine is soluble in lipophilic solvents, such as acetone and hexane. Currently available aqueous testing reagents and methods cannot penetrate this coating to react with the iron inside. In developing a field test kit for the double-fortified salt, it is crucial to devise a strategy for removal of this film to release the iron. The freed soluble iron compound can then be analyzed quantitatively or qualitatively by standard methods.
Materials and methods

Materials
Food-grade, noniodized salt was obtained from Toronto Salt Chemical Co., Toronto, Canada. Foodgrade, iodated salt (containing 100 µg/g I 2 from potassium iodate) was provided by Kensalt, Kenya. The iron premix used in this study was manufactured for the Micronutrient Initiative by Glatt Air Techniques, based on the formulation and methods developed by the Food Engineering Group at the University of Toronto [7] . Ferrous fumarate (USP grade, Sigma-Aldrich) was used as the iron source for all standard solutions. All other reagents were A.C.S. grade and were also obtained from Sigma-Aldrich. Iron-fortified salt and double-fortified salt were made by adding the iron premix (UTP-071) to noniodized Toronto salt and iodized Kenyan salt at a ratio of 1:150, respectively, for target concentrations of 50 ppm iodine and 1,000 ppm iron. To obtain a uniform mixture, a Leroy Somer-LSTronics 5L ribbon blender was used to mix the particles for 30 minutes.
Sample handling
To obtain representative and homogeneous samples for analysis, a bulk salt sample of 1,000 g was divided into quarter portions by a four-stemmed powder funnel. Sample particles from one of the stems were collected and remixed by manual agitation for several minutes. This sample underwent the same separation, selection, and remix process until approximately 15 g of salt was collected. The appropriate sample weight was taken from this subsample for analysis. This sampling method was applied to all analyses in which salt samples were required.
Standard laboratory method for iron analysis
A UV/Vis spectrophotometric method recommended by the Association of Official Analytical Chemists (AOAC 14.011, 14.012, 14.013) was used to determine the iron content of salt [11] . An approximately 10-g sample of fortified salt was accurately weighed and dispersed in approximately 40 mL of distilled water and 1 mL of concentrated sulfuric acid. The sample solution was digested under heat and boiled for 5 minutes. When cooled, the solution was diluted to 100 mL with distilled water. Exactly 1 mL of this sample solution was reacted with 1 mL of 10% hydroxylamine hydrochloride to ensure complete reduction of iron. Five milliliters of buffer solution (10% potassium hydrogen phthalate) and 10 mL of 0.3% 1,10-phenanthroline were then added to the sample to form the orange complex. The solution was brought to a total volume of 25 mL, and an aliquot was used for absorbance measurement at 512 nm using a Cary 50 Bio UV/Vis spectrophotometer. Standard iron solutions prepared and tested by this procedure were used for calibration of other analyses.
Removal of lipid coating from microencapsulated ferrous fumarate
Three approaches to removing the encapsulant layer surrounding the ferrous fumarate were investigated: melting the fat coating by heating, removing it mechanically by grinding away the coating layer, and removing it chemically by dissolution of the fat layer.
Field-based analytical test kits
The field-based semiquantitative and qualitative test kits were developed by using a chemical approach to remove the lipid coating from microencapsulated ferrous fumarate in double-fortified salt. The instructions for use of the kits, as well as sufficient reagents for 100 tests, are included. Instructions for preparation of reagents are also included so that the reagents may be replenished if chemicals are available. Details of both kits are provided in Appendices 1 and 2. The methods of use of the developed field test kits are described below.
Semiquantitative field test (for use at the production level)
Three solutions were provided: tetrachloroethylene and heptane (solution A); 0.5 M sulfuric acid (solution B); and a mixture of 0.3% 1,10-phenanthroline, 2.5% sodium acetate, and 10% hydroxylamine (solution C).
Testing method
Approximately 5 g of the iron-fortified salt or doublefortified salt sample and 10 mL of solution A were placed into a 100-mL glass vial (included in the test kit), which was capped and shaken manually for 10 minutes. The mixture of salt and solvent was acidified with 10 mL of 0.5 M sulfuric acid (solution B) and then diluted to 100 mL with bottled water. When all the solids were dissolved (after about 10 minutes), 5 mL of this sample solution was transferred to a 50-mL graduated vial, to which 15 mL of solution C was added. An orange color should develop. Water was added to the graduated vial to increase the total volume to 50 mL, and the color intensity was compared with the standard color chart to determine the iron concentration in the salt sample.
Standard color chart preparation
Ferrous fumarate (USP reagent) was used to make standard iron solutions. A stock solution of 2,000 ppm of iron was prepared in 0.5 M H 2 SO 4 . Standard solutions ranging from 0 to 2,000 ppm were then diluted from the stock solution at intervals of 200 ppm. According to the field test method described above, 5 mL of each standard solution was first diluted to 100 mL with distilled water, and then 5 mL of each diluted standard solution was reacted with 15 mL of solution C and diluted to 50 mL in a graduated vial. The developed color gradient, at 200-ppm intervals, was labeled and photographed to make the standard color chart. A color-corrected print of these photographs forms the chart, which is part of each kit.
Qualitative field test
This test can provide a rapid confirmation of the presence or absence of iron in double-fortified salt. Two solutions were provided in the kit: tetrachloroethylene (solution A) and a mixture of 0.3% 1,10-phenanthroline, 2.5% sodium acetate, and 10% hydroxylamine (solution B).
Testing method
A salt sample was collected by filling the sampling cup with salt and leveling it with a wooden popsicle stick to ensure a consistent sample volume. Five milliliters of solution A was added to the cup, and the mixture was stirred for 1 minute. The sample was repacked and leveled, and a few drops of solution B were added to the salt surface. Color change was complete after 5 minutes, and the color was compared with a standard color chart provided in each kit. The sample contains iron if any colored spot develops; the intensity of this color may vary because of impurities.
Standard color chart
A standard color chart is provided with the test kit. The chart was made by photographing the results of positive and negative tests, i.e., tests of double-fortified salt and unfortified iodized salt, respectively, that had been performed previously as described.
Results and discussion
We adapted the phenanthroline method for iron analysis for an aqueous semiquantitative test and a qualitative spot-test for measuring iron in salt. The solution-based test can distinguish different levels of iron in the range of 700 to 1,300 ppm. This is done by total dissolution of the iron in an acidic solution and then reduction by reaction with hydroxylamine hydrochloride (equation 2). The solution pH is buffered with sodium acetate for optimal pH during analysis, and then 1,10-phenanthroline is added to develop the chromophore, the intensity of which is used to determine the iron concentration. Validation with the standard spectrophotometric method shows that this technique accurately measures iron within the selected range. The strategy can be applied to double-fortified salt field test kits, if the microencapsulated iron can be freed.
Removal of lipid coating
Three methods were explored for removal of the microencapsulant from the double-fortified salt premix to expose ferrous fumarate for quality control field tests: thermally by melting the particle's soy stearine coating, mechanically by grinding it away, and chemically by dissolving it. The speed and efficiency of these approaches varied.
Heating double-fortified salt could potentially disperse the lipid coating over the entire surface of the salt sample. This would expose the iron on the surface and would be useful in simplifying the qualitative field test, so that the entire test could be administered in one metallic cup. Trial samples of heated fortified salt showed, however, that the applied heat was difficult to control. Heating double-fortified salt samples resulted in discoloration (charring) of the entire sample within minutes. This made subsequent analysis difficult and produced false positive results. It was also noted that when dispersed and uncharred, the lipid cooled and rendered the sample area hydrophobic, so that contact with other aqueous reagents became even more difficult. Heating in the field was thought to be inconvenient, which was another key factor in rejecting this approach.
To assess the efficiency of mechanically removing the coating layer, a coffee grinder and a mortar and pestle were used to mill double-fortified salt samples in laboratory-scaled trials. It was found that a large sample size was required to enable iron detection, and thus the sample preparation became tedious, especially when a mortar and pestle was used. For an electrically powered grinder, a power source is required, which may not be available in the field.
Chemical dissolution of the microencapsulant was assessed by testing nine commonly used solvents in the laboratory: acetone, ethanol, 2-propanol, hexane, heptane, dichloromethane (DCM), 1,1,1-trichloroethane (TCA), trichloroethylene (TCE), and tetrachloroethylene (PCE). According to the US National Fire Prevention Association report (table 1), PCE is the least flammable and is comparatively safe for health, whereas most of the others are highly flammable. The lipid layer of the double-fortified salt premix was extracted by these solvents. The iron exposed was dissolved and measured by the phenanthroline method with the use of a spectrophotometer. The efficiency of extraction was compared with that of the standard AOAC method, which is based on Soxhlet extraction.
Iron recovery is expressed as the percentage of iron present that is released by the solvents (fig. 1) . With the exception of DCM, all solvent candidates released nearly 100% of the encapsulated iron; the highest recovery was achieved with the use of acetone and heptane. Considering the need for safety, PCE is the only acceptable choice, since it has low flammability and resulted in high iron recovery. Experiments performed to determine acceptable PCE volume and extraction time for double-fortified salt field test kits showed that 94.4 ± 1.6% iron recovery was achieved with the use of 10 mL of PCE after 10 minutes of extraction.
To increase iron recovery, some heptane was added to PCE in the extraction step. Iron recovery with the use of mixtures of the two solvents was determined with 5-g samples of double-fortified salt ( fig. 2) . As shown, 100% recovery was achieved with the use of 6% heptane in 94% PCE as solvent. Considering the simplicity of reagent preparation, extraction speed, and iron recovery, 5% heptane in 95% PCE was optimal, allowing essentially all of the iron to be recovered after 10 minutes with the use of 10 mL of solvent for 5 g of salt.
Development of semiquantitative and qualitative field test kits
Validation of the semiquantitative field test kit
A complete semiquantitative iron test kit (instructions for assembly and use are given in Appendix 1) consisted of the test apparatus, reagents, a standard color chart, and testing instructions. The user would not be required to have a formal chemistry background. A randomized trial was performed to assess the performance of the kit compared with standard laboratory analysis. Twenty second-year students from the Department of Chemical Engineering at the University of Toronto used the kits to test 10 fortified salt samples, 5 of iron-fortified salt and 5 of double-fortified salt. Each test was performed eight times, including all the steps of sampling and analysis. Each student had four random samples to measure. The AOAC UV/Vis spectrophotometric method was used as a reference to determine the actual iron content of the salt samples.
As shown in figure 3 , the results obtained with the kit correlated well with those obtained by the standard analytical method. The kit gave reproducible results within the target range of 0 to 2,000 ppm of iron, with an average coefficient of variance of about 11%. Linear regression using the least-squares method showed a strong linear relationship between the kit measurements and those measured analytically. The square of the calculated correlation coefficient is 0.9770, and the correlation coefficient (r) equals 0.9884, which exceeds the tabulated r value at p = .001. Considering the simplicity of the kit, this correlation is highly robust.
Qualitative field test kit
To address the requirements of quality control where conditions do not allow chemical manipulation, a qualitative field test kit was developed. The kit was simple to operate, but it was best used as only a "yes" or "no" indicator. Instructions for assembly and use of the field test kit are provided in Appendix 2. Acetone  3  3  Ethanol  0  3  Isopropanol  1  3  Dichloromethane  2  1  Tetrachloroethylene  2  0  Trichloroethylene  2 The principle behind the test is similar to that of the semiquantitative field test kit discussed above. Rather than dissolving the sample, however, the strategy was to release iron particles to enable reaction between iron and 1,10-phenanthroline so that the visible chromophore would develop. Thus, a salt sample would be mixed with sufficient solvent to dissolve the lipid coating of the iron premix and immediately contacted with a mixture of reducing agent, 1,10-phenthroline, and buffer for simultaneous reduction of iron and complex formation in a pH-controlled environment. Color would develop within minutes, and the user would compare the color with the standard color chart provided. In addition, whereas the semiquantitative test kit included the use of H 2 SO 4 (0.5 M) to create the pH environment for the complete reaction, use of this strong acid was considered a potential hazard for qualitative field test conditions. Since high accuracy is not a priority, the acidification step could be omitted in this kit.
To determine the best solvent for this field test, candidate solvents for defatting were examined again. Although various depths of color were developed when different solvents were used, we found that any of the nine solvents tested could be used in the test kits for extraction times of 2 to 10 minutes. Considering flammability and health hazards then, tetrachloroethylene (PCE) was chosen for the kits.
Conclusions
Semiquantitative and qualitative field tests were developed for double-fortified salt containing encapsulated iron. Validation tests of the semiquantitative field test against the standard laboratory technique concluded that the results of the field test correspond well with those obtained by the standard methods of analysis and are reproducible. Both semiquantitative and qualitative field tests provide simple instructions and fast results and can be adopted in settings where trained personnel and equipment are not available.
Our experience indicates that the test kits could also be used for the impure salts commonly produced in many developing countries. Limited testing using the moist, impure salts obtained from India and Sri Lanka demonstrated that the test kits generate acceptable results. Interference from iron impurities in the salt is unlikely, since the test would not detect iron under concentrations of approximately 100 ppm-a highly unlikely impurity level. The iron test kits are more complicated than the simple dropper tests used for iodated salt. The fact that an organic solvent is required adds to the cost, and the cost of the phenanthroline is also higher than the cost of the starch used in the iodate kit. For the qualitative kits, the cost of the iron kit would probably be at least two or three times higher than the cost of the iodate kit. The semiquantitative test kit An additional benefit of both field test kits is that they can be adopted for many other iron-fortification programs. The phenanthroline method is directly applicable to any ferrous compound; when reduced at the proper pH, ferric compounds will also form the chromophore. Only elemental iron is not amenable to the test, since its dissolution requires highly acid conditions, which would be unsafe in the hands of inexperienced analysts. The field test kits could be particularly useful in systematic quality control at all stages of manufacture, distribution, and retail sale. 2.5% Sodium acetate: dissolve 1.14 g sodium acetate in 40 mL of distilled water. 10% Hydroxylamine hydrochloride: dissolve 1 g of NH 2 OH·HCl in 10 mL of distilled water.
Mix 63 mL of 1,10-phenanthroline, 31 mL of sodium acetate, and 6 mL of hydroxylamine hydrochloride to yield 100 mL of solution.
Procedure
